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Abstrat
In this thesis we study the prospets for observing the invisibly deaying Higgs boson in the
assoiated tt¯H prodution at the LHC. The results of the Monte Carlo simulations of signal
and bakground proesses show that there is a possibility of observing the statistially
signiant number of signal events required for the disovery. Moreover, the analysis an
be further improved to redue the number of false reonstrutions of the W boson.
The analysis of the tt¯H prodution is independent of the model in whih the Higgs boson
deays into the invisible hannel. There are several possibilities for models where H →
invisible an be of interest. For this thesis, we have studied the simplest supersymmetri
model, alled mSUGRA. The results of the sans of the mSUGRA model parameter spae
show that the regions, where the branhing ratio of the lightest neutral Higgs boson to
the lightest neutralino pair is high, are exluded by urrent experimental onstraints. The
h → bb¯ hannel dominates, and the possibility for disovery in this hannel will not be
suppressed by the invisible deays. This result does not disqualify invisible hannel as
possible signature in other models.
Chapter 4 of this thesis is based on the published paper: B.P. Kersevan, M. Malawski,
E. Rihter-W¡s: Prospets for observing an invisibly deaying Higgs boson in the tt¯H
prodution at the LHC, The European Physial Journal C - Partiles and Fields, 2003, vol.
29, no. 4, pp. 541 - 548.
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Chapter 1
Introdution
The Higgs boson is a very important element of the modern theory of elementary partiles
and their interations, alled the Standard Model. By means of spontaneous symmetry
breaking the Higgs mehanism is used to introdue mass to other partiles. The Higgs
boson remains the last undisovered partile predited by the Standard Model. The most
important large-sale experiments of these days, at the Large Hadron Collider at CERN
and at Tevatron at Fermilab aim at the disovery of this partile.
Worldwide ollaborations of sientists are studying the possible prodution and deay
hannels, where the Higgs boson may be observed. There are theories, in whih the Higgs
boson an deay into the invisible hannel. This an our when the Higgs deays into
partiles whih interat very weakly with the matter, so they annot be observed in the
detetor. There are various models that may lead to suh invisible deays. These models
inlude the deay into the lightest neutralinos in the supersymmetry models, or into neu-
trinos in the models of the neutrino mass generation, suh as extra dimensions, TeV-sale
gravity, Majorana models or 4th generation lepton [12℄.
The assoiated prodution of the Higgs boson and a tt¯-quark pair an be an interesting
hannel leading to the observation of the invisible Higgs boson. The top quark prodution
is a proess with a very harateristi topology, so it an be used to eetively lter the
events in whih Higgs prodution takes plae. One of the objetives of this thesis was to
study the possibility of observing the Higgs boson in this hannel using simulations the
Atlas detetor at LHC.
Supersymmetry (SUSY) is onsidered by many theorists as the most probable exten-
sion of the Standard Model. SUSY assumes a symmetry between fermions and bosons,
introduing superpartners for eah of the known elementary partiles. The Minimal Super-
symmetri extension of the Standard Model (MSSM) predits the existene of the Lightest
Supersymmetri Partile (LSP), whih does not deay into normal partiles and is a an-
didate for dark matter. A Higgs boson, deaying into a pair of LSPs, an give an invisible
signature.
In order to obtain a more realisti estimation of the tt¯H proess analysis results, it is
neessary to disern the ross-setion of the tt¯H prodution and the branhing ratio of the
Higgs to the invisible hannel. SUSY models allow for suh preditions. In this thesis, we
1
desribe the results of the sans of the mSUGRA model parameter spae. The objetives
of the sans were to nd suh regions in the parameter spae, where the branhing ratio
of the Higgs into the invisible hannel is large enough to make the results of the analysis
statistially signiant. The prodution proess was studied only for the lightest Higgs
boson in the so-alled deoupling limit, i.e. in the region where its oupling to fermions
and bosons is almost equal to that of the Standard Model Higgs boson of the same mass.
The thesis is organized as follows: Chapter 2 provides a theoretial introdution to the
Standard Model Higgs boson and gives an overview of the urrent and planned experiments
for Higgs boson disovery. Chapter 3 provides a brief introdution to supersymmetry and
the spei mSUGRA model that an lead to an invisible Higgs deay. In Chapter 4 we
desribe the analysis of the tt¯H,H → invisible proess based on Monte Carlo simulations
of the ATLAS detetor at LHC. Chapter 5 presents the results of the sans of the mSUGRA
model parameter spae, where the invisible deay hannel is possible. The onlusions are
summarised in Chapter 6.
2
Chapter 2
The Higgs Boson
2.1 The Standard Model and the Higgs Theory
The Standard Model (SM for short), is urrently regarded as a suessful theory desribing
elementary partiles and their interations. SM is based on the quantum eld theory.
It assumes the existene of fermion elds representing matter and gauge elds that arry
interations. Matter is omposed of three generations of quarks and leptons. For the spinor
elds ψ, we have the Dira Lagrangian:
L = ψ¯(iγµ∂µ −m)ψ. (2.1)
>From this Lagrangian we an derive the Dira equation, whih is the equation of motion
of free relativisti partiles and antipartiles (fermions). In order to introdue interations
into the model, we postulate the gauge invariane of the elds. The Lagrangian should be
invariant under the U(1) gauge transformation:
ψ → e−iα(x)ψ. (2.2)
For the Lagrangian (2.1) to be invariant, we need to introdue a new vetor eld Aµ and
derive a new Lagrangian:
LD = L− eψ¯γµAµψ, (2.3)
where the transformation law for the Aµ vetor eld is:
Aµ → A′µ = Aµ +
1
e
∂µα(x). (2.4)
To the Lagrangian (2.3) we also add a term that yields the equations for gauge elds. For
the eletromagneti eld, the term is:
LA = −1
4
FµνF
µν , Fµν = ∂µAν − ∂νAµ. (2.5)
3
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Suh a Lagrangian an provide the Maxwell equations for eletromagneti elds and the
Dira equations for fermions:
✷Aν = eψ¯γνψ = jν ; γµ(i∂µ − eAµ)ψ −mψ = 0. (2.6)
In the ase of a multiplet of N partiles, we have a more general Dira Lagrangian:
L = Ψ¯(iγµ∂µ −M)Ψ, (2.7)
where Ψ is an N−omponent vetor. When we require the gauge invariane of suh a
theory, the transformation has the following form:
Ψ′ = GΨ, (2.8)
where G is the N ×N unitary matrix, detG = 1. These matries form the group SU(N).
The SU(N) invariane requires the introdution of N2−1 vetor elds Gnµ and modiation
of the Lagrangian:
LD = L− gΨ¯γµ
∑
n
T nGnµΨ, (2.9)
where T n are generators of the SU(N) group. By introduing the operators:
Gˆµ =
∑
n
GnµT
n, Gˆµν = ∂µGˆν − ∂νGˆµ + ig[Gˆµ, Gˆν ], (2.10)
we an onstrut the Lagrangian for the vetor elds:
LG = −1
2
Tr(GˆµνGˆ
µν) (2.11)
The full Lagrangian of the SU(N) theory has the following form:
LYM = Ψ¯(γ
µ[i∂µ − gGˆµ]−M)Ψ− 1
2
Tr(GˆµνGˆ
µν) (2.12)
To desribe the eletroweak interations for one generation of leptons or quarks, we
need the SU(2)L × U(1) group. The doublet Ψ onsists of the (lepton, neutrino) pair or
(up-, down-)type quark pair respetively. The left-handed omponents ΨL ≡ L of these
spinors transform as the fundamental representation of the SU(2) group, while the right-
handed omponents ΨR ≡ R are singlets with respet to this group. All members of
the doublet transform under the U(1) group. Consequently, we need four vetor elds,
Bµ orresponding to U(1) and B
k
µ, (k = 1, ..., 3) for SU(2). These elds give the fermion
Lagrangian:
LF = iL¯γ
µ∂µL− L¯γµ(12g′YLBµ + gBkµT k)L
+ iψ¯1Rγ
µ∂µψ
1
R − ψ¯1Rγµ 12g′Y1RBµψ1R
+ iψ¯2Rγ
µ∂µψ
2
R − ψ¯2Rγµ 12g′Y2RBµψ2R.
(2.13)
In this Lagrangian, the weak hyperharge is denoted by Y . The Lagrangian for vetor
elds has the following form:
4
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LV = −1
4
BµνBµν − 1
4
∑
k
BkµνB
k
µν . (2.14)
The fermion Lagrangian (2.13) annot ontain the mass term Ψ¯Ψ whih is not invariant
with respet to the SU(2) group, sine the left and right omponents transform dierently,
and:
Ψ¯Ψ = Ψ¯RΨL + Ψ¯LΨR. (2.15)
Moreover, Bkµ elds are also massless, sine we do not obtain the linear mass terms in
motion equations from the Lagrangian (2.14)..
The model with all partiles being massless is unsatisfatory, sine we observe massive
partiles in the experiments. The solution to this problem is the Higgs mehanism. We
add to our model one more SU(2) doublet, onsisting of two omplex salar elds:
H =
[
h1
h2
]
, (2.16)
alled the Higgs eld. The Lagrangian for these elds has to be gauge-invariant under U(1)
and SU(2). We an hoose suh a gauge in whih the Higgs eld has the form:
H =
[
0
h
]
, (2.17)
where h is the real funtion. This means that there is only one physial degree of freedom,
so the Higgs eld an give one neutral salar partile. Very important in the onstrution
of the Higgs Lagrangian is the substitution of the mass term by the Higgs potential. We
postulate:
LH = L
free
H − V = ∂µH†∂µH − µ2H†H − λ[H†H ]2. (2.18)
When µ2 < 0 the Higgs potential has a non-trivial minimum as shown in Fig. 2.1. The
minimum is for:
H†H = −µ
2
2λ
. (2.19)
We an hoose the phase of the solution as:
H = H0 =
[
0
v/
√
2
]
; v2 = −µ
2
λ
(2.20)
Suh a solution breaks the gauge symmetry. This is alled the spontaneous symmetry
breaking, sine the potential itself is gauge-invariant, whereas the vauum state breaks the
symmetry. The Lagrangian ontaining interations of the Higgs and the vetor elds has
the following form:
5
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V
h
Figure 2.1: Mexian-hat Higgs potential with a non-zero minimum
L = −1
4
BµνBµν − 1
4
∑
k
BkµνB
k
µν +
v2
8
((g′Bµ − gB3µ) + g2(B1µB1µ +B2µB2µ)) (2.21)
This Lagrangian ontains the terms bilinear in elds. We need to diagonalize this expres-
sion and derive mass oeients. For omponents B1µ and B
2
µ the Lagrangian is already
diagonal, so we obtain the mass terms:
M1 = M2 =
gv
2
(2.22)
We an form ombinations for partiles with a denite harge:
W± =
B1µ ± B2µ√
2
. (2.23)
These states form the harged W bosons that arry the eletroweak interations. We also
have ombinations that yield the neutral bosons:
Zµ =
−g′Bµ + gB3µ√
g′2 + g2
. (2.24)
The mass of these bosons is:
MZ =
v
√
g′2 + g2
2
(2.25)
The remaining ombination diagonalizing (2.21) is
Aµ =
g′Bµ + gB
3
µ√
g′2 + g2
. (2.26)
This omponent is not present in the Lagrangian, so the mass oeient must vanish. The
massless eld represents the photon. The ratio between the masses of W and Z bosons
denes the Weinberg angle:
6
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MW
MZ
=
g√
g′2 + g2
≡ cos θW . (2.27)
To onstrut the Lagrangian for the Higgs eld, we an rewrite it by distinguishing the
vauum part from the dynamial part:
H(x) = H0 + h(x), h(x) ≡
[
0
h(x)
]
. (2.28)
The Lagrangian for this eld an be written in the form:
LH = ∂µh∂
µh+2µ2h2−2
√
2λvh3−λh4+ g
cosθW
[vh+h2][ZµZµ+2 cos θWW
+
µ W
−
µ ]. (2.29)
This Lagrangian gives the oupling of the Higgs eld to the vetor bosons and the Higgs
mass:
mH = −2µ2 = 2λv. (2.30)
This means that the value of the v parameter is not enough to determine the Higgs mass,
but it also depends on λ, whih is a free parameter of the Standard Model.
The Higgs mehanism also gives mass to fermions. This is done by introduing the
Yukawa ouplings to the Lagrangian:
LY = −G1[L¯H˜ψ1R + ψ¯1RH˜†L]−G2[L¯Hψ2R + ψ¯2RH†L], (2.31)
where
H˜ = [h0 + h(x)]
[
1
0
]
. (2.32)
For h(x) ≡ 0 we obtain
LY = −G1h0ψ¯1ψ1 −G2h0ψ¯2ψ2, (2.33)
giving us the fermion masses:
m1 = G1h0; m2 = G2h0. (2.34)
Similarly, we obtain the ouplings of the Higgs eld to fermions in the Lagrangian:
LY = −G1h(x)ψ¯1ψ1 −G2h(x)ψ¯2ψ2. (2.35)
>From these equations we an see that the oupling of the Higgs boson to fermions is
proportional to the fermion mass. As a onsequene, we an predit that the Higgs boson
will mostly deay into the heaviest lepton or quark pairs.
7
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2.2 Current Experimental Results
The Standard Model preditions have passed all experimental tests onduted so far. The
eletroweak gauge bosons W and Z were deteted at the LEP experiment at CERN and
the t quark was observed at the Tevatron. Only the Higgs boson remains as the last
undisovered elementary partile of the Standard Model. Disovery of the Higgs boson
will enable veriation of theoretial foundations of the Standard Model.
The possibilities of observing the Higgs partile both in e+e− and in hadron olliders
have been extensively analyzed. Sine the oupling of the Higgs to other partiles is
proportional to their masses, the Higgs prodution and deay often involve the heavy
quarks t or b. Sample proesses of Higgs prodution, suh as Higgs-strahlung and weak
boson fusion are shown in Fig 2.2.
e−
e+
Z*
Z
h q− h
q
Z*/W*
Z/W e+
e−
e+
e−
Z h
/ν
/ν
Figure 2.2: Proesses of Higgs prodution
The branhing ratios of the Higgs boson to the others partiles depend on the Higgs
mass. Fig. 2.3 shows the branhing ratios for various possible deay hannels.
Figure 2.3: The branhing ratios of the Standard Model Higgs boson [7℄.
The results gathered at LEP from diret searh for the Higgs boson and from the
8
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preision eletroweak measurements provide some approximate limits to the Higgs boson
mass. Diret searh at LEP has exluded the existene of the Higgs boson with a mass
mH < 114.4 GeV, at a 95% ondene level. The Fig 2.4 shows the expeted and observed
behavior of the statisti dened in [1℄.
-30
-20
-10
0
10
20
30
40
50
106 108 110 112 114 116 118 120
mH(GeV/c2)
-
2 
ln
(Q
)
Observed
Expected for background
Expected for signal plus background
LEP
Figure 2.4: The results of diret searh for the SM Higgs boson at LEP [1℄.
The preise measurements of the eletroweak boson masses and ouplings an also give
an estimation of the Higgs boson mass. The ombined results from the LEP and Tevatron
experiments are shown in Fig. 2.5. They suggest the preferred Higgs boson mass to be:
mH = 113(+62− 42) GeV at a 68% ondene level. They also set the upper limit to be
about 237 GeV at a 95% ondene level.
2.3 LHC Disovery Potential
The LHC experiment will searh for the SM Higgs boson in ollisions of proton-proton
pairs. The ATLAS and CMS experiments are preparing for possible disovery hannels.
Fig. 2.6 shows the ATLAS disovery potential for the SM Higgs boson for the integrated
luminosity of 30 fb
−1 [2℄. It an be seen that the total estimated signiane is higher than
the 5σ disovery threshold for the Higgs mass range between 100 and 200 GeV.
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0
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∆χ
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Excluded Preliminary
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Figure 2.5: The t to eletroweak measurements at LEP, setting bounds on the Higgs
boson mass [16℄
 
Figure 2.6: ATLAS disovery potential for the SM Higgs boson [2℄
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Chapter 3
Supersymmetry
3.1 Introdution to Supersymmetri Theories
In spite of their suess and ompatibility with experimental results, both the Standard
Model and the Higgs mehanism outlined in Chapter 2 remain unsatisfatory as theo-
ries [10℄. One of the problems that the Standard Model does not solve is the hierarhy
problem. This is a problem of the sensitivity of the Higgs mass to quantum orretions
from the partiles oupling to the Higgs boson. It so happens that the orretions from
bosons and from fermions have opposite signs. Thus, the orretions would anel eah
other out if eah of the known fermions had a bosoni partner of the same mass and eah
boson had a fermioni partner. Suh a symmetry is alled supersymmetry [19℄.
Supersymmetry transforms boson states into fermions, and vie versa. This an be
expressed as follows:
Q|Boson〉 = |Fermion〉; Q|Fermion〉 = |Boson〉 (3.1)
The supersymmetry generator Q is an antiommuting spinor that satises the following
algebra:
{Q,Q†} = P µ (3.2)
{Q,Q} = {Q†, Q†} = 0 (3.3)
[P µ, Q] =
[
P µ, Q†
]
= 0 (3.4)
Supersymmetri partiles an form multiplets, onsisting of bosoni and fermioni states,
alled supermultiplets. All partiles and their superpartners from the same supermultiplets
have the same masses, sine the P 2 operator ommutes with theQ,Q†. The supersymmetry
generators ommute also with the generators of gauge transformations. Hene, partiles in
the same supermultiplet have the same eletri harge, weak isospin and olor degrees of
freedom. In eah supermultiplet, the number of fermioni degrees of freedom nF is equal
to the number of bosoni degrees of freedom nB:
11
Section 3.2. Minimal Supersymmetric Standard Model
nF = nB (3.5)
The simplest possibility for a supermultiplet inludes a single Weyl fermion with two
heliity states and a omplex salar eld with two degrees of freedom. Suh a ombi-
nation is alled the hiral or matter supermultiplet. The next simplest possibility is the
supermultiplet with a massless spin-1 vetor boson, whih has two degrees of freedom. Its
superpartner is a massless spin-1/2 Weyl fermion. Suh a ombination is alled the vetor
supermultiplet.
3.2 Minimal Supersymmetri Standard Model
The Standard Model partiles and their superpartners are presented in Table 3.1. The
table shows the states before the eletroweak symmetry is broken, i.e. theW and B bosons
orrespond to Bkµ and Bµ elds from Lagrangian (2.14) and their partners are alled winos
and binos. After breaking this symmetry, new states appear: zino Z˜ and photino γ˜. All
these partiles and their interations form the Minimal Supersymmetri extension to the
Standard Model (MSSM).
In Table 3.1 we an see two Higgs doublets: Hu, Hd. In the Standard Model, one
omplex salar Higgs doublet was enough (see eq. (2.16)). Now, however, two omplex
doublets are required to give mass to the partiles.
Table 3.1: The Standard Model partiles and their superpartners before eletroweak sym-
metry breaking
Partile Spin Spartner spin
quarks: u, d 1/2 squarks: u˜, d˜ 0
lepton: l 1/2 sleptons: l˜ 0
Higgs: Hu, Hd 0 higgsino: H˜u, H˜d 1/2
gluon: g 0 gluino: g˜ 1/2
W bosons: W 0 winos: W˜ 1/2
B bosons: B 0 binos: B˜ 1/2
The free Lagrangian of the supersymmetri model an be written in the following form:
L
free
= −∂µφ∗i∂µφi − iψ†iσ¯µ∂µψi + F ∗iFi, (3.6)
where φ are the salar elds, ψ are the Weyl spinors from the supermultiplet and F is the
auxiliary salar eld, required to ll the remaining salar degrees of freedom.
The interation an be introdued into the theory by adding the Lagrangian
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L
int
= −1
2
W ijψiψj +W
iFi + c.c., (3.7)
where W ij and W i are the funtions of the bosoni elds φi. These terms an be expressed
using the superpotential W :
W =
1
2
M ijφiφj +
1
6
yijkφiφjφk, (3.8)
and relations:
W ij =
δ2
δφiδφj
W ; W i =
δW
δφi
, (3.9)
where M ij is the mass matrix for the fermion elds, and yijk is a Yukawa oupling between
the two fermions ψiψj and the salar φk.
In the ase of the MSSM, the superpotential has the form:
W
MSSM
= u¯yuQHu − d¯ydQHd − e¯yeLHd + µHuHd. (3.10)
In this equation we use the supereld notation, i.e. Hu, Hd, u¯, et. denote the hiral
supermultiplets, as in Tab. 3.1. The µ term orresponds to the Higgs mass in the Standard
Model.
3.3 Models of Supersymmetry Breaking
The experimental results show that supersymmetry has to be broken, sine no spartiles
with masses equal to their Standard Model partners have been disovered. Despite the
symmetry breaking, we would like to preserve the supersymmetri relations between su-
perpartners in the high energy setor of the theory, in order to keep the solution to the
hierarhy problem valid. Suh an approah is alled the soft supersymmetry breaking.
This an be expressed by an eetive Lagrangian of the MSSM:
LMSSMsoft = −12(M3g˜g˜ +M2W˜ W˜ +M1B˜B˜) + c.c.
− (˜¯uauQ˜Hu − ˜¯dadQ˜Hd − ˜¯eaeL˜Hd) + c.c.
− Q˜†m2qQ˜− L˜†m2LL˜− ˜¯um2u¯˜¯u† − ˜¯dm2d¯˜¯d
† − ˜¯em2e¯˜¯e†
− m2HuH∗uHu −m2HdH∗dHd − bHuHd + c.c.).
(3.11)
We an see that in eq. (3.11) we have theM1,M2 andM3 gaugino mass terms, au, ad, ae are
the matries of Yukawa ouplings, and the m2i terms are mass matries of fermion families.
Together with the Higgs setor parameters, it is neessary to have 105 free parameters in
the MSSM. The experimental results that restrit the avor-hanging neutral urrents and
CP violation suggest that the squark and slepton mass matries should be diagonal. This
organizing priniple helps redue the number of parameters.
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Suh universality an be ahieved by assuming that, at high energy sale, there exists
some simple Lagrangian in whih there are only a few ommon mass and oupling param-
eters. After applying the renormalization group equations to the masses and ouplings
to ompute their values in the eletroweak sale, we an obtain the full spetrum of the
MSSM parameters. Suh uniation of ouplings is in agreement with the GUT theories,
whih predit uniation at the mass sale of 1016GeV. Sine the high-energy sale theory
annot be observed diretly, it is alled the hidden setor, while the MSSM is alled the
visible setor.
There is more than one model that an lead to suh supersymmetry breaking. All these
models an be divided with respet to the type of interation between the hidden setor and
the visible one. In gravity-mediated sypersymmetry breaking one assumes the supergravity
Lagrangian in the hidden setor and the gravitational interations lead to supersymmetry
breaking. On the other hand, in the gauge-mediated supersymmetry breaking models, one
assumes that there exist some additional hiral supermultiplets, alled messengers, whih
ouple to the elds of the hidden setor and also to the MSSM fermions through gauge
interations.
An espeially interesting model, alled mSUGRA, is the minimal version of gravity-
mediated supersymmetry breaking models. It assumes uniations of all fermion masses
into m1/2, all boson masses into m0, and one ommon oupling onstant A0. To omplete
the model, it is neessary to add the tan β and sign µ parameters desribing the Higgs
setor. Thus, there are only 5 parameters:
m0, m1/2, A0, tan β, signµ, (3.12)
that an give the full MSSM spetrum after applying renormalization group equations to
the eletroweak sale.
The mass spetrum of the MSSM is subjet to the eletroweak symmetry breaking,
similar to that of the Standard Model, whih leads to mixing of the states. In the Higgs
setor, we have two omplex salar doublets Hu = (H
+
u , H
0
u) and Hd = (H
0
d , H
−
d ). The
Higgs potential has a minimum for non-zero H0u = vu and H
0
d = vd, and the ratio between
them is alled tanβ:
tan β ≡ vu/vd (3.13)
When the eletroweak symmetry is broken, the Higgs doublets mix with the gauge bosons,
to give masses to the W± and Z0 bosons. Thus, from the eight original degrees of freedom
only ve remain. They form the ve salar boson states: CP-odd neutral salar A0, two
harged salars H+, H−, and two CP-even salars h0 and H0. It an be shown that h0 is
the lightest among these Higgs bosons of the MSSM.
Eletroweak symmetry breaking auses the mixing among the spartiles and produes
new mass eigenstates. Neutral higgsinos H˜0u, H˜
0
d and neutral gauginos B˜, W˜
0
produe four
neutral states alled neutralinos denoted χ0i In a similar way, the harged higgsinos and
winos form four harged states, alled harginos  two with positive and two with negative
eletri harges.
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In the MSSM we an dene a new multipliative quantum number, alled R−parity. It
is dened as:
PR = (−1)3(B−L)+2s, (3.14)
where B is the barion number, L is the lepton number, and s is the spin of the partile. The
Standard Model partiles and the Higgs bosons have even R−parity (PR = 1), while all
spartiles have odd R−parity (PR = −1). The onservation of the R−parity has important
phenomenologial onsequenes. It implies that the lightest supersymmetri partile (LSP)
with PR = −1, must be stable, and all spartiles must eventually deay into a state whih
ontains an odd number of LSPs.
One of the best andidates for the LSP is the lightest neutralino χ01. Sine it is eletri-
ally neutral and interats only weakly with ordinary matter, it beomes a good andidate
for dark matter required by osmology. Also, in the ollider experiments, partiles deaying
into neutral LSPs an give an invisible signature (missing energy) in the detetor.
3.4 Experimental Signals for Supersymmetry
Although supersymmetry helps solve many theoretial and phenomenologial problems
beyond the Standard Model, there is still no experimental evidene that supersymmetry
really exists. No spartiles have been disovered so far. The LEP and Tevatron experiments
have only set limits to the masses of supersymmetri partiles [11℄. E.g. the lightest Higgs
boson h0 has been exluded in the mass range below 91.0 GeV.
There are plans to searh for supersymmetry at the LHC. Most of the spartiles with
masses below 1TeV may be within reah of this ollider. Fig. 3.1 shows the regions in
the (mA, tanβ) MSSM parameter spae, where the various Higgs bosons an be observed.
Most probable is the detetion of the neutral h boson, whih is the lightest of the Higgs
partiles. Fig. 3.2 shows the regions, where h an be observed in the tt¯h, h → bb¯ hannel.
The possibility to observe the lightest Higgs boson in the invisible deay is studied in the
following hapters of this thesis.
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Figure 3.1: LHC disovery potential for the MSSM Higgs bosons [11℄
 
Figure 3.2: The 5σ-disovery ontour urves for the tt¯ and Wh with h→ bb¯ hannel in the
(mA, tanβ) plane for the ATLAS experiment at luminosities of 30 fb
−1
[3℄.
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Analysis of tt¯H Prodution
4.1 Introdution
In this hapter we desribe the analysis of the proess that may allow us to observe the
Higgs boson in the invisible hannel. We desribe the spei proess and study possible
bakgrounds. In subsequent setions, we will provide details on the seletion riteria that
were applied to extrat the interesting signal events from the bakground. The results and
possible improvements are presented at the end of this hapter.
The possibilities to observe the Higgs boson in the invisible hannel have been dis-
ussed throughout the past years. The prospets of deteting suh a Higgs partile via its
assoiated prodution with a gluon, Z or W bosons are desribed in [6℄. The exploitation
of assoiated tt¯ prodution was suggested in [13℄. The weak boson fusion proess leading
to the prodution of invisible Higgs is disussed in [9℄. A more reent evaluation of the
prodution with gauge bosons an be found in [12℄.
In this thesis we study the assoiated tt¯H prodution as suggested in [13℄. The proposed
approah was to require the leptoni deay of one of the W bosons and the hadroni deay
of the seond one, as shown in Fig. 4.1. The nal produts are a single lepton, 2 b-jets and
2 jets from the hadroni deay of the W boson. These jets and leptons an be identied
by the detetor so they an be used to trigger the ltering of interesting events. The
evidene of the invisibly-deaying Higgs boson will be an exess of the seleted events over
the predited bakground.
4.2 Signal and Bakground Proesses
In order to be able to observe suh an exess of signal events, it is neessary to simulate and
analyze the signal and possible bakgrounds. The signal was simulated using the PYTHIA
[21℄ Monte Carlo event generator. The generator simulated the protonproton ollisions
at the LHC, at the 14 TeV enter-of-mass energy.
gg,qq¯→ tt¯H :
This is the signal proess generated using the PYTHIA event generator. The simulation
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Figure 4.1: Proess for observing the invisible Higgs.
is ongured in suh a way that 100% of the Higgs partiles are deaying into the invisible
hannel, meaning they are not observed by the detetor. The simulation assumes the
Standard Model oupling of the Higgs to the t quarks.
The bakground may ome from proesses whih give a signature that is similar to the
one generated by the signal proess, i.e. an isolated lepton, 2 identied b-jets, 2 additional
jets and missing transverse energy. The proesses that may lead to suh signatures, are
the t-quark or b-quark prodution assoiated with the W - or Z-boson.
gg,qq¯→ tt¯:
This is the main bakground proess. It an yield the same signature as the signal,
but the main dierene is in the missing energy. In the ase of the signal, it ontains the
energy of the invisible Higgs, while in the bakground it mostly arries the energy of the
neutrino from the leptoni deay of the W boson. Consequently, the missing energy will
be the used to redue this bakground.
gg,qq¯→ tt¯Z,Z→ νν :
This bakground an yield the same signature as the signal. The neutrinos oming from
the Z deay an arry signiant missing energy, omparable with the signal.
qq¯→ tt¯W,W→ ℓν :
In this proess, there an be 3 W bosons: one from the assoiated prodution of the
tt¯ pair and 2 from the top-quarks deays. As a onsequene, the results of the simulation
where only the W -boson from the assoiated prodution is fored to deay into a lepton
and the neutrino, should be nally multiplied by a ombinatorial fator of 3. It assumes
that the aeptane of the analysis is independent of the soure of the lepton.
gg,qq¯→ bb¯Z/γ∗,Z/γ∗ → ℓℓ⊕ jets :
This proess an yield the same signature as the signal and its ross-setion is several
orders of magnitude larger. However, it is possible to redue this bakground onsiderably
by requiring the reonstrution of the top-quark from the hadroni jets. Also, requiring
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signiant missing energy and vetoing additional leptons will suppress this bakground.
qq¯→ bb¯W,W→ ℓν ⊕ jets :
This bakground an be suppressed by requiring the reonstrution of the top quark in
the hadroni mode and signiant transverse energy.
4.3 Event Generation and Detetor Simulation
For the tt¯ proess event generation, the PYTHIA [21℄ and HERWIG [18℄ Monte Carlo
generators were used. Additionally, the AerMC [15℄ event generator was used to simulate
other bakgrounds. For these generators the initial parameters were set to default values.
For detetor simulation, the ATLFAST [20℄ program was used. It implements a sim-
plied simulation of the ATLAS detetor at the LHC. The generated events serve as input
to this program and it produes the detetor response as output. It provides suh observ-
ables as the 4-momenta of isolated leptons, jets, tagged b-jets and transverse energy. It is
also possible to evaluate the missing transverse energy by integrating the total energy of
partiles deteted and subtrating from the initial energy of olliding protons.
The simulation assumes 90% eieny in lepton identiation, 80% for jet reonstru-
tion and 60% for b-jet identiation (tagging). These eienies were taken into aount
while alulating the normalized number of events.
4.4 Analysis
The objetive of the analysis is to apply suh lters to the simulated proesses that will
suppress, as muh as possible, the bakground while preserving a high number of signal
events. The following lters are applied to the events:
1. One isolated lepton is required. The lepton omes from semi-leptoni deay of one
top quark. Events with more leptons are rejeted in order to eliminate events oming
from the bb¯Z/γ∗ bakground.
2. Two identied (tagged) b-jets are required.
3. One top quark is required to be reonstruted from the hadroni deay mode t→ jjb.
First, only suh jj pairs are seleted from all possible ombinations of jets, where
mjj = mW± 15 GeV. Additionally, only entral jets with pseudo-rapidity |ηjet| < 2.0
are allowed to redue the number of events with jets oming from initial- or nal-state
QCD radiation instead of the W -boson deay. Next, the masses of all ombinations
of the seleted jj pairs and b-jets are alulated. The four-momenta of the jets
are realibrated so that the mjj gives mW exatly. The best ombination of the jjb
system is hosen and the top quark is onsidered reonstruted ifmjjb = mt±25 GeV
(see Fig. 4.2).
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Figure 4.2: Reonstruted mass of the top quark for the ttH events (number of events not
normalized).
4. It is not possible to reonstrut the seond top-quark whih deays in the leptoni
hannel. This would require preise information on the missing energy, whih in the
ase of the tt¯H events omes both from the leptoni deay of the top-quark and from
the invisible Higgs. Instead, it is possible to use the transverse mass of the lepton
end 6ET system to distinguish between the signal and the tt¯ bakground, where
mT (ℓ, 6ET ) =
√
2EℓT 6ET (1− cosφ) (4.1)
The Fig. 4.3 shows the distribution ofmT (ℓ, 6ET ) for signal and bakground proesses.
It an be seen that for the tt¯ proess, where the missing energy omes from the
leptoni deay of the W -boson, there is a sharp end of the distribution around the W
mass. To ut the big fration of the tt¯ events we require that mT (ℓ, 6ET ) > 120 GeV.
5. In addition to the mT (ℓ, 6ET ) ut, we also require a large missing transverse energy
of the event: 6ET > 150 GeV.
6. The signal-to-bakground ratio is enhaned by the additional requirement of large
transverse momenta in the reonstruted system,
∑
precT > 250 GeV. The
∑
precT =∑
pjT + p
l
T where the sum runs over the transverse momenta of reonstruted objets
from top-quark deays: two b-jets, two light jets used for the reonstrution of the
W → qq¯ deay and an isolated lepton. This further suppresses the bakground where
true top quarks are not present, like bb¯Z and bb¯W .
7. Finally, further enhanement of the signal-to-bakground ratio an be ahieved by
the additional requirement regarding one separation, Rjj, between jets used for the
W → jj reonstrution, the Rjj < 2.2.
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Rjj =
√
(∆η)2 + (∆φ)2 (4.2)
is a distane in the (η, φ) plane between the jets.
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Figure 4.3: Reonstruted transverse mass of the lepton and 6ET system in the tt¯H events (left
plot) and in the tt¯ events (right plot). The dashed line denotes the distributions alulated from
the true invisible energy of the primary produts of W boson deays in these events, obtained by
using the generator level information. The distributions are normalized to the number of events
expeted for an integrated luminosity of 30fb−1.
Table 4.1 shows the umulative aeptane of the speied lters applied to seleted
proesses.
We an see that the aeptane of signal events is about 0.3%, while the bakground is
redued by a fator of 10−5− 10−6.
After performing suh seletions, one an see that about 70% of the tt¯ events ome
from the lepton-tau deay and 20% from the lepton-lepton deay of the top-quark pair in
the PYTHIA sample with ompatible frations also found in HERWIG events. The lepton-tau
label denotes one top quark deaying t → Wb → ℓνb and another t → Wb → τνb, where
ℓ stands for eletron or muon. The lepton-lepton deay labels events with both top quarks
deaying t→ Wb→ ℓνb. Finally, the lepton-hadron deay labels events with one top quark
deaying t→Wb→ ℓνb and another t→Wb→ qq¯b.
In the ases of lepton-lepton and lepton-tau deays, the jjb ombination is thus made
not from the trueW → qq¯ deays, but from other jets oming from the initial- or nal-state
radiation (ISR/FSR). These events ould hopefully be suppressed further by implementing
a tau-jet veto and with more stringent requirements in the t → jjb reonstrution. The
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Table 4.1: The umulative aeptanes for the speied seletion riteria. Eienies for b-
tagging and lepton identiation are inluded. A Higgs boson mass of 120 GeV is assumed for
signal events. Only the dominant bakground soures are listed.
Proess tt¯H tt¯Z tt¯ tt¯
PYTHIA AerMC PYTHIA HERWIG
Trigger lepton 22% 22% 22% 22%
2 b-jets + 2 jets 5.0% 4.8% 4.9% 5.2%
re. t-quark (jjb) 2.6% 2.4% 2.4% 2.6%
m
ℓ, 6ET
T > 120 GeV 0.87% 0.93% 4.1 · 10−4 5.2 · 10−4
6ET > 150 GeV 0.41% 0.53% 2.3 · 10−5 3.7 · 10−5∑
precT > 250 GeV 0.40% 0.51% 2.0 · 10−5 3.2 · 10−5
Rjj < 2.2 0.28% 0.35% 7.5 · 10−6 1.2 · 10−5
signal events, in ontrast, ontain only a ∼ 10% fration of lepton-tau and lepton-lepton
deays. The relative frations of signal and tt¯ bakground events are shown in Figure 4.4.
Considering the relative frations of the tau-lepton events in the signal and bakground,
one an assume that the inter-jet one separation, Rjj, might provide some additional
separation power; the Rjj for signal and tt¯ bakground events are given in Figure 4.4.
Subsequently, a loose ut of Rjj < 2.2 was applied; the nal eienies are listed in
Table 4.1.
The expeted numbers of events for an integrated luminosity of 30fb−1 are given in
Table 4.2. Several values of the Higgs boson masses are studied, while assuming the
Standard Model prodution ross-setions. The branhing ratio of the Higgs boson to the
invisible hannel is assumed to be 100% in this analysis.
It an be seen that for the proess tt¯ generated with PYTHIA, the signal-to-bakground
ratio is about 39% for a Higgs boson mass of 100 GeV and about 9% for a Higgs mass of
200 GeV. Of ourse, if only true reonstruted top-quark deays were allowed, these ratios
would inrease onsiderably.
It would also be possible to inrease the signal-to-bakground ratio by setting more
tight uts on suh observables as Rjj, 6ET , ∑ precT . However, suh optimizations are not
suitable at this moment, sine they ould lead to over-tting to the results obtained by
the partiular implementations of the proesses in event generators. It is lear that further
optimization of the analysis should lead to an inrease in the eieny of rejeting "fake"
W → jj reonstrutions and eliminating the ontribution of events with lepton-tau and
lepton-lepton deays.
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Figure 4.4: The relative frations of the tt¯ deay modes are listed for signal and tt¯ bakground
simulated with PYTHIA (left plot). The Rjj one separation between jets used in the W → jj
reonstrution; the distributions are normalized to the number of events expeted for an integrated
luminosity of 30fb−1 (right plot).
The basi measure of the quality of the analysis is the signiane S = s/
√
b, where s
and b are the numbers of signal and bakground events respetively. S = 5 is assumed to
be the disovery level, while S = 3 is alled the evidene level. S = 1.96 orresponds to
the 95% ondene level. We an dene the ξ2 parameter as:
ξ2 =
σ(tt¯H)
σ(tt¯H)SM
× Br(H→ inv).
It an be used to estimate the minimal branhing ratio required for the signiane to
reah the desired thresholds.
Taking the values from Table 4.2 we get s = 60 for the tt¯H signal with mH = 100GeV
and b = 65 for the total bakground that inludes the (lep-had) tt¯ events generated with
PYTHIA. This yields S = 7.44 and requires ξ2 to be 0.67 and 0.4 for the disovery and
evidene levels respetively. The values for the tt¯ bakground and also for (lep-had) events
are shown in Table 4.3.
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Table 4.2: Expeted numbers of events for an integrated luminosity of 30fb−1 and seletion as
speied in Table 4.1. Eienies for b-tagging and lepton identiation are inluded. The (PY)
and (HW) denote the results for the tt¯ events generated with PYTHIA and HERWIG respetively. Also
shown is the separate ontribution to the tt¯ bakground from the lepton-hadron events.
Proess No. of events
tt¯H,
mH = 100 GeV 60
mH = 120 GeV 45
mH = 140 GeV 30
mH = 160 GeV 25
mH = 200 GeV 15
tt¯Z 20
tt¯W 20
tt¯ (all) 115 (PY) , 190 (HW)
(only lepton-hadron) 15 (PY) , 30 (HW)
bb¯W 5
bb¯Z/γ∗ 5
Table 4.3: Estimated signiane S = s/
√
b for tt¯ bakground and estimated branhing
ratios required for signiane to reah the values of 5, 3 and 1.96
all tt¯ lep-had tt¯
mH s/
√
b, ξ2(5) ξ2(3) ξ2(1.96) s/
√
b ξ2(5) ξ2(3) ξ2(1.96)
100 GeV 4.67 1.07 0.64 0.42 7.44 0.67 0.4 0.26
120 GeV 3.5 1.43 0.86 0.56 5.58 0.9 0.54 0.35
140 GeV 2.34 2.14 1.28 0.84 3.72 1.34 0.81 0.53
160 GeV 1.95 2.57 1.54 1.01 3.1 1.61 0.97 0.63
200 GeV 1.17 4.28 2.57 1.68 1.86 2.69 1.61 1.05
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Sans of mSUGRA Model
5.1 Objetive of the sans
The supersymmetri models as desribed in Chapter 3 allow a deay of the Higgs boson into
a pair of the lightest neutralinos χ01χ
0
1. This is an invisible hannel when the neutralino is
the LSP, whih means it does not deay, but leaves the detetor, leaving its signature only
as missing energy. It is interesting to study for whih parameters of the supersymmetri
models, like mSUGRA, suh deay is allowed and an lead to possible Higgs disovery.
Results of suh sans an be ombined with results from similar sans for Higgs deaying
into visible Standard Model partiles.
In this thesis, the Suspet and HDECAY [8, 7℄ programs were used to perform the san of
the mSUGRA model parameter spae. The goal of the san was to identify the regions with
high Higgs branhing ratio to χ01χ
0
1 pair. The analysis of the assoiated tt¯H prodution
presented in [14℄ and disussed in Chapter 4 was performed with the assumption that the
BR(H → χ01χ01) was 100%. Therefore, it is neessary to multiply the results of the analysis
by the branhing ratio obtained from the sans. The estimates for minimal branhing ratios
required for the disovery or evidene signatures respetively are inluded in Table 4.3. In
the sans, we will searh for suh areas in the parameter spae, where the BR(H → χ01χ01)
an reah these values.
It is also interesting to hek the branhing ratio of Higgs to the bb¯ pair. This deay is
onsidered as the main hannel where the Higgs an be observed in the same prodution
mode. If the deay of H → χ01χ01 is open, the H → bb will beome suppressed. We an
ompare the branhing ratio to the bb¯ and the invisible hannels and examine if the invisible
deay should be onsidered as omplementary for the observation.
5.2 Implementation of the Sans
For the sans, we have ombined two programs. Suspet [8℄ takes as input the 5 parameters
of the mSUGRA model (see eq. (3.12))and returns the spetrum of masses of MSSM
partiles. These parameters serve as input to the HDECAY [7℄ program, whih omputes the
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branhing ratios of the Higgs to both Standard Model and MSSM partiles.
The input parameters were seleted to over the most interesting regions of the mSUGRA
spae. The masses m0 and m1/2 were overed in the range of 0 to 500 GeV, with steps
of 10 GeV. The tan β had values of 50, 25 and 12.5, . . . Three values of the A0 parameter
were hosen: -200, 0, 200 and both values of sign µ were used.
As the input for the Suspet and HDECAY programs, default parameters were used. For
the drawing of plots, the ROOT framework was used [4℄.
5.3 Constraints on the Parameter Spae
It is important to note that not all regions of the mSUGRA parameter spae are allowed.
First, it is possible that the mass of the stau is lower than that of the lightest neutralino.
This would imply that the neutralino is not the LSP, ontraditing the assumption that
SUSY partiles deay into the invisible hannel. Suh regions should be theoretially
exluded.
Seond, urrent experimental results from the LEP and Tevatron experiments, as well
as from osmologial observations have exluded the existene of SUSY partiles below
ertain mass limits. Suh limits for the SUSY Higgs boson obtained by four ombined
LEP experiments is now set at 91.0 GeV [17℄. More limits on the masses of other spartiles
an be found in [11℄. The onstraints applied to the sans are shown in Table 5.1.
Additionally, the programs that were used for the sans have limitations related to
numerial stability. Although several tests are performed internally by these programs,
there are also points of the parameter spae, where the alulations do not onverge. Suh
points are also exluded from the sans.
Table 5.1: Experimental onstraints on masses of spartiles used in the san
Partile Mass onstraint
h > 91.0 GeV
sleptons > 80.0 GeV
hargino > 103.6 GeV
gluino > 195.0 GeV
neutralino > 45.6 GeV
5.4 Results of the Sans
The resulting plots showing the ontours of branhing ratios are presented in Figs. 5.1-5.2.
We seleted the following values of tanβ: 25, 12.5, 6.25, 3.12; both signs of µ and produed
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plots in the (m0, m1/2) plane. We show only values of A0 = 0, sine other tested values
(-200, 200) provide similar results. For tanβ > 25 and < 3 we observed more instability
in the ombined programs.
For eah value of tanβ and sign µ we show three ontour plots in the (m0, m1/2) plane:
branhing ratio of lightest Higgs boson to neutralinos, to the bb¯ pair and the Higgs mass
mh. The theoretial and experimental onstraints are indiated by the solid line: regions
below and to the left of this line are exluded.
We an see that there are small regions where the BR(h → χ01χ01) is dominant. For
the µ > 0 and for small tanβ, the value of the BR an reah 0.9 for small regions of the
parameter spae. This would mean that assuming the possibility of analysis as desribed
in Chapter 4 a suient exess of signal events would be observed to enable observation of
the Higgs in the invisible hannel. However, taking into aount the experimental limits,
it is very likely that the regions where the BR(h→ χ01χ01) is large, are exluded by urrent
observations. On the other hand, the plots show that the branhing ratio to b-quark is
dominant in most of the regions that are not exluded. That onrms the need for the
searh for Higgs in this deay hannel.
Figs. 5.3 5.5 show the projetion of the mSUGRA model onto the (mA, tanβ) plane.
In the mSUGRA model the mA is not given expliitly as an independent variable, but is a
funtion of the initial parameters. It means that one point from the (mA, tanβ) plane may
orrespond to more than one (m0, m1/2) pair of initial parameters. In suh a ase, when
plotting the values of branhing ratios, we hose the maximum from these values.
Fig. 5.3 shows the branhing ratio BR(h → χ01χ01) in a mSUGRA model without any
theoretial and experimental onstraints. We an see that there are regions where the
χ01χ
0
1 hannel an be dominating. However, when we apply the onstraints aording to
Table 5.1, we an see in Fig. 5.4 that all points with a high branhing ratio are exluded,
whih is also seen in the (m0, m1/2) plane. On the other hand, the BR(h → bb¯) an be
very high even with onstraints applied (Fig. 5.5).
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Figure 5.1: Sans of mSUGRA parameter spae for µ < 0.
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Figure 5.2: Sans of mSUGRA parameter spae for µ > 0.
29
Section 5.4. Results of the Scans
 (GeV)Am
0 100 200 300 400 500 600 700
β
ta
n
2
3
4
5
6
7
8
10
20
30
40
50
60
70
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
>0µ)  χχ→BR(h
 (GeV)Am
0 100 200 300 400 500 600 700
β
ta
n
2
3
4
5
6
7
8
10
20
30
40
50
60
70
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
<0µ)  χχ→BR(h
Figure 5.3: BR(h → χ01χ01) in mSUGRA model in the (mA, tanβ) plane, A0 = 0, without
applying any onstraints.
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Figure 5.4: The maximal values of BR(h → χ01χ01) in mSUGRA models projeted on the
(mA, tanβ) plane, A0 = 0, after applying theoretial and experimental onstraints.
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Figure 5.5: The maximum values of BR(h → bb) in mSUGRA models projeted on the
(mA, tanβ) plane, A0 = 0, after applying theoretial and experimental onstraints.
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Chapter 6
Conlusions
In this thesis we studied the prospets for observing the invisibly deaying Higgs boson
in the assoiated tt¯H prodution at the LHC. The results of Monte Carlo simulations of
the signal and bakground proesses have shown that there is a possibility of observing a
statistially-signiant number of signal events required for the disovery. Moreover, the
analysis an still be improved to redue the number of false reonstrutions of theW boson.
It is important to note that the analysis of the tt¯H prodution desribed in Chapter 4 is
independent of the model in whih the Higgs boson deays into the invisible hannel. There
are several possibilities for models where H → invisible an be of interest. These models
inlude the deay into lightest neutralinos in the supersymmetry models, or deays into
neutrinos in the various models of the neutrino mass generation, suh as extra dimensions,
TeV sale gravity, Majorana models or 4th generation lepton.
For this thesis we have studied only the simplest supersymmetri model, alled mSUGRA.
The results of the sans of the mSUGRA model parameter spae show that the regions
where the branhing ratio of the Higgs partile to the lightest neutralino pair is high, are
exluded by urrent experimental onstraints. The h → bb¯ hannel dominates and the
prospets for disovery in this hannel will not be suppressed by opening of invisible deay.
This is very enouraging onlusion: we will muh prefer to have Higgs boson disovered
in the visible hannel.
In less onstrained SUSY models this however might not be the ase. It would be
also interesting to investigate other models that an lead to suh a signature, not just
the supersymmetri ones. This is out of the sope of this thesis, but might provide an
interesting researh subjet.
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